Cost-effective production of enzymes for industrial processes makes the appropriate selection of the host/vector expression system critical. We have tested two fungal systems for the bulk production of enzymes from thermophiles. The yeast Kluyveromyces lactis has been developed as a secretion host employing expression vectors based on the 2u-like plasmid pKD1 of Kluyveromyces drosophilarium. Our second system involves the filamentous fungus Trichoderma reesei. Signal and protein fusion vectors have been constructed using the strong cellobiohydrolase 1 (cbh1) promoter and recombinant plasmid DNAs introduced into various high-secreting T. reesei strains using biolistic particle delivery. In some cases (e.g. the xynB gene of Dictyoglomus thermophilum) we have reconstructed the genes according to Trichoderma codon preferences and demonstrated a dramatic increase in the production of the enzymes. The heterologous XynB enzyme is glycosylated differently in different Trichoderma strains. A proteomics approach has been taken to identify strongly expressed proteins produced by T. reesei under various cultivation conditions in order to identify condition-specific promoters driving the production of these proteins. Analyses indicated that HEX1, the major protein of the fungal Woronin body, is a dominant protein under both cellulase-inducing and -repressing conditions. The hex1 gene together with its promoter and terminator sequences has been isolated and the promoter function studied relative to cultivation time and medium.
Introduction
Thermophile enzymes are robust and therefore excellent candidates for a number of industrial processes. Expression of extremophile enzymes in fungi capable of effective secretion of gene products into the growth medium provides an avenue for their cost-effective production and simplified downstream processing, circumventing the need for product extraction or concentration.
We have chosen the yeast Kluyveromyces lactis and mycelial fungus Trichoderma reesei as hosts for heterologous production of recombinant extremophile enzymes. K. lactis represents a unicellular organism related to Saccharomyces cerevisiae, whose entire genome has been sequenced. Unlike S. cerevisiae [1] , K. lactis has the advantage that it does not seem to hyperglycosylate heterologous proteins. T. reesei is an industrially exploited multicellular organism and one of the most powerful secretors of extracellular proteins. We review here our recent experiments on the expression of enzymes from thermophiles in the two hosts and discuss some of the lessons learned in the expression of heterologous proteins in these fungi. In the process, we have developed a checklist of factors that have to be considered in attempts to attain commercially significant production levels of heterologous proteins in fungal systems: r Is the problem in protein degradation after secretion?
K. lactis system
The construction of the vector pCWK1 has been described previously, as has the insertion of the Dictyloglomus thermophilum and Thermotoga maritima FjSS3B.1 xynA genes [2] [3] [4] . The vector is large and many desirable restriction sites for cloning are present in essential genes, limiting cloning to the single MluI site. In practice, using PCR cloning, this is not a significant problem. Other deletion derivatives have been developed but they have tended to be unstable and rapidly segregate as a result of deletion of two inverted repeat sequences believed to be required for stable partition [5] .
T. reesei system
A series of vectors has been constructed using the strong main cellobiohydrolase cbh1 promoter with provision for inframe fusions of the heterologous genes to either the cbh1 signal sequence or downstream of the cbh1 core-linker region [6, 7] . Some of these vectors include either an N-or C-terminal The two plots depict the ratio of (gene codon frequency per 1000 residues)/(K. lactis codon frequency for PHX proteins) for wild-type xynB and a synthetic version (PHX codon usage optimized) of the xynB gene. The plots highlight codons that are used frequently in the xylanase gene, but used rarely in highly expressed K. lactis genes.
6 × His tag for subsequent purification of the foreign protein.
A KEX2 cleavage site (PMDKR or RDKR) has been inserted for correct cleavage to regenerate the mature protein from the CBH1 core linker. Gly-477 and Glu-478 of the CBHI cellulose-binding domain have been retained to allow cleavage by an uncharacterized T. reesei proteinase [8] . In some cases, the T. reesei xylanase XYN1 pro-region has been inserted after the KEX-like cleavage site to facilitate posttranslational processing. Suitable restriction sites have been placed in the vectors to allow linearization for targeted integration at the cbh1 locus in the fungal genome. All vectors have the pUC19 replicon for replication in Escherichia coli and utilize the hygromycin B gene as a selective marker in Trichoderma.
Synthesis of the Dictyloglomus xynB genes with altered codon usage
In many prokaryotes and eukaryotes, genes encoding highly expressed proteins are highly biased towards a subset of the available synonymous codons [9] . This correlates strongly with the number of copies of tRNA genes for each codon, which in turn determines cellular tRNA levels [10] . It is possible to determine the optimal codons for any organism by analysing and comparing the codon usage of genes encoding known highly expressed (HX) versus low-expressed (LX)
proteins. For example, the codon usage of HX genes from K. lactis has been shown to be highly biased towards 27 of the possible 64 codons available to the organism. This subset of 27 codons contributes to over 93% of the codons used by known HX proteins ( [11] and M.D. Gibbs, unpublished work). Knowledge of the optimal codons used by an expression host allows the identification of codons present in candidate recombinant genes that may limit the expression levels of their encoded protein. Genes can then be redesigned with rare codons replaced by their optimal synonyms, and then reconstructed by overlap extension of synthetic oligonucleotides. An analysis of codon usage for xynB in K. lactis is shown in Figure 1 and it can be seen that the redesigned gene more closely matches that used for highly expressed genes. We have also optimized the codon usage of the Dictyoglomus xynB to suit expression in Trichoderma [13] . A primer-extension PCR strategy was employed to change codons of xynB. The 603 bp long catalytic domain was reconstructed in a two-step procedure using eight 85-107 bp oligonucleotides containing overlapping regions of 14-24 bp. The synthetic gene was then transformed into Escherichia coli and recombinants were tested using the xylan-overlay assay [14] . Those that exhibited a clear halo around the colony after incubation at +70
• C indicated expression of an active xylanase. Plasmid DNA was then extracted from colonies exhibiting large halos, digested, inserted in suitable T. reesei expression vectors and transformed into the fungus.
Expression of thermophile xylanases in K. lactis using xylanase genes with native and optimized codon usage K. lactis strains harbouring a pKD1-based expression vector efficiently secrete the recombinant Dictyoglomus and Thermotoga xylanases at high levels. All strains examined were able to promote secretion of the xylanase with the same electrophoretic mobility as the control enzyme produced in E. coli. Recombinant xylanase is by far the most abundant protein present in transformed K. lactis culture supernatants and the protein comprises over 95% of total proteins secreted.
Our results show that the killer toxin secretion signal is processed by K. lactis signal peptidase to give cleavage after Gln-Gly in the killer toxin signal sequence and release of correctly processed XynA. Recombinant xylanases produced in K. lactis are biologically active as shown by activity gels [2, 3] , and are not hyperglycosylated [1] . Since virtually nothing is known of glycosylation patterns in K. lactis strains [15] further investigation would be helpful for future studies of expression by this organism.
K. lactis strain CBS1065 as a host combines reasonable secretion levels on non-selective medium (up to 120-300 µg/ml in shake-flask cultures without optimization of induction) with high plasmid stability on yeast extract-peptone plus glucose and thus the recombinants are suitable for scaledup production of xylanase in chemostat culture. It will be necessary to develop an appropriate induction strategy to minimize the effects of plasmid instability with pCWK1 seen in the absence of geneticin selection, as well as the rapid metabolism of the inducer, galactose, in wild-type strains.
Expression of the synthetic D. thermophilum xylanase gene in T. reesei
Initial introduction of the native family 11 xylanase gene (xynB) from D. thermophilum Rt46B.1 into T. reesei by biolistic bombardment using tungsten microprojectiles [16, 17] showed no production of the enzyme. Therefore, we reconstructed the D. thermophilum xynB gene to accommodate the codon usage pattern of Trichoderma and Northern blot analysis revealed the presence of mRNA transcripts of the expected size in the transformants tested [13] . Expression from the signal fusion plasmid was more effective than that from the fusion to mature cellobiohydrolase I core. This is different to some previous observations where heterologous genes have been expressed effectively in T. reesei as fusion products to mature N-terminal CBH1 sequences [8] . The N-terminal fusion partner may play a role in stabilizing the recombinant mRNA, serving as a carrier of foreign proteins through the secretory pathway and protecting the heterologous portion from degradation. In the case of xynB, the mRNA-stabilizing effect of the fusion was not obvious and liquid cultivations suggested that the signal fusion strain also secreted more thermostable xylanase activity in the culture medium. More recent production of the heterologous XynB in laboratory-scale fermentation indicates that the enzyme is synthesized at the level of about 100 mg/l ( J. Hekelaar, J. Uusitalo, M. Penttilä and H. Nevalainen, unpublished work) and that this expression does not induce the UPR (unfolded protein response) pathway based on the unaltered transcription levels of PDI (protein disulphide isomerase) and the cellular chaperone Bip that are under the UPR control [19] .
Glycosylation of XynB in T. reesei
The amounts of XynB detected in the culture medium are still considerably lower than expected and some amount of enzyme has been retained within the cell. Examination of the expression of the synthetic gene revealed multiple enzymically active forms, presumably as the result of glycosylation. Even though XynB is apparently not glycosylated in the original bacterial host, there are three potential N-linked glycosylation sites in the enzyme that may be used in T. reesei. Systematic alteration of the glycosylation sites showed that the number of bands in the supernatant decreased when all three sites were eliminated but the activity of the enzyme was not affected [20] . Earlier studies with endogenous Trichoderma cellulases have indicated that, for example, N-glycosylation of cellulases of T. reesei was not obligatory for enzyme activity and secretion [21] but had an effect on their thermostability and resistance to proteolysis [22, 23] . XynB also has potential O-linked sites but their possible contribution to the occurrence of multiple forms of the recombinant enzyme or its secretion have not been investigated.
Studies into glycosylation of the main cellobiohydrolase 1 in T. reesei have shown that different strains glycosylate the endogenous enzyme differently [24] . This also seemed to be the case when we expressed the heterologous XynB in a series of Trichoderma hosts including the strains VTT-D-79125 [25] , RutC-30 [26] and A2221 [27] (Figure 2) .
A growing series of different-sized active forms of XynB were seen, for example, in T. reesei RutC-30, which has been reported to add high-mannose residues on to the endogenous CBH1 enzyme [28] .
A novel promoter from Trichoderma
Strong promoters that function under specific conditions are required for effective expression of industrially important gene products. The most widespread promoter sequence used for foreign expression in T. reesei has been the cbh1 promoter. Using a proteomic approach, we identified HEX1 as the dominant protein of the cell envelope in Trichoderma reesei [29] and approx. 50% of the total protein extracted from the cell envelope was HEX1 from mycelia grown in glucose medium. Since HEX1 is such an abundant protein, we have explored the potential of the hex1 promoter for gene product expression in T. reesei and determined the overall regulation of hex1 expression. We have isolated and sequenced the 784 bp hex1 gene as well as 2.4 kb of upstream promoter and downstream termination sequences from T. reesei using genomic walking PCR [30] . In the expression studies, reverse transcriptase PCR resulted in multiple cDNA fragments that were shown to arise from independent transcriptional start sites within the gene. Northern blots showed high levels of hex1 mRNA produced early (at 24 h) in both cellulaseinducing and non-inducing growth medium (Figure 3) . The fact that high amounts of HEX1 protein are produced very early in fungal growth could be of advantage in accelerating the production of heterologous proteins and lowering costs associated with fermentation.
Conclusions
The Kluyveromyces expression system uses a multicopy plasmid vector and is convenient in terms of relative ease of yeast transformation, genetic manipulation and rapid growth. Among the limited number of promoter systems available the PLAC promoter is the most frequently used. This sequence has a number of E. coli-like promoter sequences present and, therefore, there is expression of the cloned gene in the bacterium. As a consequence, it has been difficult to clone and maintain genes encoding products toxic to the cell in the shuttle vector [31] . Another disadvantage is the instability of the plasmid vector in the absence of geneticin selection, although this is host strain-dependent and it is possible to prevent segregation of plasmid-less cells in the absence of selection by careful attention to physiological conditions during growth. We have yet to explore enzyme production from genes recombined into the chromosome.
The Trichoderma reesei system relies on the integration of the transforming DNA into the fungal genome, which results in excellent stability of transfomants. The biolistic transformation procedure targeting the intact uninucleate haploid T. reesei conidia allows the relatively simple and reproducible introduction of the DNA of interest into industrially relevant strains. These strains come with a complex history of mutational events aimed at increasing enzyme secretion that may have affected their ability to form protoplasts. The vectors constructed provide a variety of N-and C-terminal modifications that facilitate gene product processing and purification.
Even though heterologous fungal proteins can be produced in filamentous fungi in grams/litre amounts, the yields of heterologous gene products are considerably lower [8, 31] . The main limitation resulting in low yields lies in the processing/secretion of the proteins [33, 34] . We are striving to improve the processing and yields of biotechnologically relevant heterologous proteins in fungi through studies into gene regulation, protein glycosylation, occurrence of intraand extracellular proteases and by application of fungal proteomics.
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